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cyclohexane moieties in the precursors were aromatized 
to afford [14]–[16]CPP. We envisaged that the carbon 
nanocage 1, consisting of 20 benzene rings, could be 
synthesized by using 1,3,5-triborylbenzene as a “three-
way” unit to assemble the L-shaped unit (Figure 2, right). 
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Figure 2. Our strategy for the synthesis of all-benzene 
macrocycles. 
 
   The outcome of our investigations based on this 
strategy is the first synthesis of carbon nanocage 1 
shown in Scheme 1. Palladium-catalyzed borylation of 
1,3,5-tribromobenzene with (pin)BB(pin) [B(pin) = 
(pinacolato)boryl] produced 1,3,5-triborylbenzene 2.28 
The cis-di(p-bromophenyl)cyclohexane derivative 3, (L-
shaped unit) was synthesized via twofold nucleophilic 
addition of 1-bromo-4-lithiobenzene to cyclohexane-1,4-
dione followed by methoxymethylation of the hydroxy 
groups.10 The trifurcated unit 4, which has three L-
shaped units on the benzene core with C3 symmetry, 
was obtained in 53% yield by palladium-catalyzed 
Suzuki–Miyaura coupling reaction of 2 and 3, with 82% 
of unreacted 3 recovered after the reaction. Compound 4 
was then subjected to threefold homocoupling reaction, 
mediated by Ni(cod)2/2,2'-bipyridyl [cod = 1,5-
cyclooctadiene], to produce bicyclic macrocycle 5 in 12% 
yield. High dilution conditions (2 mM of 4 in DMF) are 
necessary to prevent oligomerization of 4. Treatment of 
cage precursor 5 with NaHSO4!H2O and o-chloranil in m-
xylene/DMSO under reflux condition afforded 
1,8(1,3,5),2,3,4,5,6,7,9,10,11,12,13,14,15,16,17,18,19,2
0(1,4)-icosabenzenabicyclo[6.6.6]icosaphane (1),29 the 
desired carbon nanocage, in 69% yield as a white solid.  
   Characteristic signals of one singlet and three sets of 
doublets observed in the 1H NMR spectrum of 1 clearly 
support its D3h symmetric structure in solution state. The 
structure of 1 was also confirmed by the observation of 
14 independent signals in 13C NMR spectrum as well as 
HH COSY, HMQC, and high-resolution MALDI-TOF MS. 
Similarly to CPPs, carbon nanocage 1 has high solubility 
in most of organic solvents such as CHCl3, CH2Cl2, 
EtOAc, acetone, THF, Et2O, benzene, and toluene. 
   To gain insight into the structural properties of 1, DFT 
calculations were performed (B3LYP/6-31G(d)). The 
optimized structure of 1 is shown in Figure 3. The 
conformation with D3 symmetry was found to be the 
ground state of 1. As expected, 1 forms a beautiful cage-
shape structure with spherical void inside. The two tri-
substituted benzene rings deviate from each other at an 
angle of 12.5°. The distance between these two benzene 
rings is 18.4 Å, a value which is between the diameters 
of [13]CPP (17.9 Å) and [14]CPP (19.4 Å).9 Other di-
substituted benzene rings in 1 are slightly bent to form 
three arches. The strain energies of carbon nanocage 1 
and a model of cyclic precursor 5 (5-H: all 
methoxymethoxy groups in 5 are removed) were 
determined to be 67.2 kcal!mol–1 (1) and 2.1 kcal!mol–1 
(5-H) by using the hypothetical homodesmotic reaction 
(see the Supporting Information for details).9 It is clear 
from these values that the six cyclohexane moieties of 5 
effectively help attenuating the build-up of strain energy 
during the macrocyclization (4!5). 
 
Scheme 1. Synthesis of carbon nanocage 1.a 
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a
 Reaction conditions: (a) PdCl2(dppf), K2CO3, DMF, 
90 °C; (b) Ni(cod)2, 2,2'-bipyridyl, DMF, 90 °C; (c) 
NaHSO4!H2O, o-chloranil, m-xylene/DMSO, reflux. 
 
 
Figure 3. Optimized structure of 1. (a) Top view. (b) Side 
view. 
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